We report on the photocurrent of silicon nanocrystal ͑Si NC͒ photodetectors ͑PDs͒ that contain silver ͑Ag͒ islands. Here, a larger increase in the photocurrent of Si NC PDs was observed with increasing Ag island size. The maximum increase occurred at the wavelength of the Ag surface plasmon resonance and redshifted as the size of the Ag islands increased. As a result, a 97% increase in photocurrent generation was observed and this was attributed mostly to the coupling of Si NC with the localized surface plasmon of the Ag islands in Si NC PDs. 9 Recently, we showed that the photocurrent onset energy of Si NC PD redshifts with increasing Si NC size, 10 which opens up the possibility of developing wavelength-sensitive PDs for silicon-based image sensors. However, the absorbance in Si NCs is insufficient to replace current Si wafer-based PDs. Hence, alternative approaches are required in order to increase the absorption in Si NCs.
Research on silicon nanocrystal ͑Si NC͒ photodetectors ͑PDs͒ has been actively conducted [1] [2] [3] [4] because Si NCs have shown intriguing properties such as bandgap control with nanocrystal size, [5] [6] [7] very fast optical transition, 8 and multiple carrier generation. 9 Recently, we showed that the photocurrent onset energy of Si NC PD redshifts with increasing Si NC size, 10 which opens up the possibility of developing wavelength-sensitive PDs for silicon-based image sensors. However, the absorbance in Si NCs is insufficient to replace current Si wafer-based PDs. Hence, alternative approaches are required in order to increase the absorption in Si NCs.
Metal nanoparticles ͑NPs͒ have been known to increase the intensities of electric fields resulting in an increase in light absorption because the optical transition rate is proportional to the square of the electric field amplitude. 11 Specifically, the plasmon resonance wavelength of metal NPs can be easily modulated based on their size and shape. 12 Also, there have been several reports that show increases in the photocurrent of Si wafer solar cells, 13 Si wafer PDs, 11, [14] [15] [16] and organic solar cells 17 using metal NPs. In addition, for devices using Si NCs, an increase in the photoluminescence and electroluminescence of Si NC light-emitting diodes using silver NPs has been reported. 18 However, to date, there has been no report that demonstrates an increase in the photocurrent of Si NC PDs or Si NC solar cells using metal NPs. For this reason, this report investigates the effect of silver ͑Ag͒ islands on the photocurrent of Si NC PDs. It is found here that the increase in the photocurrent of Si NC PDs could be enlarged by increasing the size of the Ag islands, and this was attributed to the increased absorption of Si NCs by the surface plasmon resonance of Ag islands.
Ag films with thicknesses of 2, 4, 7, and 10 nm were deposited on quartz glass and silicon wafers with a low resistivity of 0.002 ⍀ cm by e-beam evaporation, followed by a rapid thermal annealing at 600°C for 1 min in N 2 atmosphere. Then, 110 nm thick silicon nitride films, in which Si NCs were spontaneously formed during the film growth, were deposited on the Ag/quartz glass and Ag/silicon wafers by plasma-enhanced chemical vapor deposition using SiH 4 and NH 3 as the source gases. The average size of the Si NCs was determined to be 3.87 nm from the relationship between the photoluminescence emission energy and the size of Si NCs. 19 The surface morphology of the silver and Si NC layers was examined using scanning electron microscopy ͑SEM͒ and atomic force microscopy. The transmittance and reflectance of Si NC films with and without Ag were measured using ultraviolet-visible spectroscopy. For currentvoltage ͑I-V͒ measurements, 300ϫ 300 m 2 PDs were defined on the silicon wafers by photolithography. A 200 nm thick In 2 O 3 : Sn film ͑indium tin oxide͒ as a transparent current spreading layer, and aluminum layers as the front and back metals were deposited by e-beam evaporation. The dark current and the photocurrent were measured using a semiconductor parameter analyzer ͑HP4145B, Hewlett-Packard͒ and a light source ͑Oriel Optical System͒ that employed a 500 W Hg͑Xe͒-arc lamp and a monochromator covering a range from 310 to 670 nm.
Figures 1͑a͒-1͑d͒ show the SEM images of Ag islands on the silicon wafers. The numbers on the left-hand side of the images represent the initial thickness of the Ag film before thermal annealing. After thermal annealing, the continuous Ag films broke into small islands due to differences in the thermal expansion coefficients of Ag and silicon, 20 and the figure shows that the surface coverage of the Ag islands is maintained at 20%-25%, irrespective of the Ag film thickness. The Ag islands are almost spherical for the samples with 2 and 4 nm thick Ag films, as shown in Figs. 1͑a͒ and 1͑b͒. In the case of the 7 nm thick Ag film, however, the large Ag islands have an oblate shape; most islands have an oblate shape in the 10 nm thick Ag film samples, as shown in Figs. 1͑c͒ and 1͑d͒. Figure 1͑e͒ illustrates the average lateral size and ratio of lateral size to height of the Ag islands as a function of the initial thickness of the Ag films. The figure shows that the average size of the Ag islands increases and their shape becomes more oblate with increasing thicknesses of Ag films. Finally, Fig. 1͑f͒ presents a schematic diagram of the Si NC PDs used for the I-V measurement. Because the n-type silicon wafer has a very low resistivity of 0.002 ⍀ cm, the depletion region is negligible in the silicon a͒ Author to whom correspondence should be addressed. wafer, and the very small amount of current from the silicon wafer is expected to contribute to the measured photocurrent. Figure 2͑a͒ compares the transmittance spectra of the Si NC films grown on the Ag islands on quartz glass with those of Si NC films. From the figure, the transmittance is seen to decrease with increasing sizes of Ag islands. This phenomenon is attributed to a larger extinction cross section, which increases with increasing the volume of metal islands. 13, 14 The minimum peaks in the transmittance spectra are observed at wavelengths of 462, 487, 503, and 516 nm for Si NC films grown on Ag islands with average sizes of 12, 24, 45, and 90 nm, respectively. This peak shift due to the size of the Ag islands can be partly attributed to the phase retardation of electromagnetic waves when the metal particle size is comparable to the wavelength of the incoming light. 21 The oblate shape of large Ag islands shown in Fig. 1͑e͒ also causes a peak shift in the transmittance spectra.
12,21 Figure  2͑b͒ shows the reflectance spectra of silicon nitride films without Si NC, which were deposited over the Ag islands on Si wafers. The figure shows that the reflectance of Si NC films with Ag does not significantly change in the ultraviolet and infrared regions compared to that of Si NC films without Ag, though the reflectance of Si NC films with Ag increases in most of the visible region. The reflectance peak in the visible region redshifts with increasing sizes of Ag islands and this is quite similar to the redshift in the transmittance peak shown in Fig. 2͑a͒ . As such, the results in Figs. 2͑a͒ and 2͑b͒ indicate that the large increase in the reflectance spectra in the visible region in Fig. 2͑b͒ is related to the interaction of light with the surface plasmon of the Ag islands. by the Ag islands, which induces a higher electric field. 23, 24 To further examine the effects of interface roughness on the photogenerated current ͑i.e., the difference between the photocurrent and the dark current͒, the photogenerated current of photodetectors with different-sized Ag islands is then plotted against the dark current ͓see Fig. 3͑b͔͒ using the data from Fig. 3͑a͒ . The higher photogenerated current at the same dark current shows that the absorption of light in Si NCs increases when Ag islands are inserted, indicating that the current originates from the absorption of light in Si NCs. In addition, Fig. 3͑a͒ shows that the photogenerated current at a bias of 10 V increases by 1.20, 1.32, 1.65, and 1.88 times for photodetectors with 12, 24, 45, and 90 nm Ag islands, respectively, compared to a photodetector without Ag. However, the transmittance at a wavelength of 480 nm was 54.8%, 18.4%, 11.8%, and 10.5% for Si NC films with these Ag islands, as shown in Fig. 2͑a͒ . Thus, the increased photogenerated current with larger Ag islands can be attributed to increased absorption in Si NCs, as determined from the smaller transmittances at larger Ag islands. Figure 4 compares the normalized photogenerated current of Si NC PDs with Ag islands at a bias of 10 V with that of Si NC PDs without Ag. The maximum enhancement factor increases from 1.20 to 1.97 as the Ag island size increases. In addition, the corresponding wavelength, where the maximum increase in the photogenerated current of Si NC PDs is observed, is seen to redshift from 480 to 500 nm as the Ag islands become larger. This result agrees well with the redshift in transmittance spectra shown in Fig. 2͑a͒ , indicating that the large increase in the photogenerated current is mostly due to the coupling of Si NC with the surface plasmon in the Ag islands. In contrast, the higher reflection due to backscattering of light from the Ag islands 22 from Fig.  2͑b͒ can also contribute to the increase in the photogenerated current shown in Fig. 4 . At a wavelength of 480 nm, the reflectance was 28%, 27%, 40%, 60%, and 50% for Si NC films without Ag and with 12, 24, 45, and 90 nm sized Ag islands, respectively. Therefore, the possible increase in the photogenerated current due to backscattered light of Si PDs with Ag islands is 0%, 9%, 25%, and 20% compared to Si NC PDs without Ag for the Si NC PDs having the same Ag islands. These values are much smaller than the observed increases of 20%, 32%, 65%, and 88% for the respective Ag islands at the wavelength of 480 nm. These results indicate that the increase in the photogenerated current shown in Fig.   4 can be attributed mostly to the coupling of the localized surface plasmon of the Ag islands and Si NCs, and partly to the backscattering of light from the Ag islands.
In summary, we investigated the effect of Ag islands on the photocurrent of Si NC PDs with the Ag islands. Based on this investigation, it was found that the surface plasmon resonance peaks shifted to longer wavelengths as the size of the Ag islands increased. The resultant transmittance/reflectance spectra of the Ag islands and the increase in the photogenerated current of Si NC PDs with Ag islands confirm that the photocurrent primarily increased due to the coupling of Si NC and the localized surface plasmon of the Ag islands. As such, the photogenerated current of Si NC PDs could be increased by up to 97% using the localized surface plasmon of the Ag islands. 
